Abstract-Advancements in real-time surgical simulation techniques have provided the ability to utilize more complex nonlinear constitutive models for biological tissues which result in increased haptic and graphic accuracy. When developing such a model, verification is necessary to determine the accuracy of the force response as well as the magnitude of tissue deformation for tool-tissue interactions. In this study, we present an experimental device which provides the ability to obtain force-displacement information as well as surface deformation of porcine liver for in vivo probing tasks. In addition, the system is capable of accurately determining the geometry of the liver specimen. These combined attributes provide the context required to simulate the experiment with accurate boundary conditions, whereby the only variable in the analysis is the material properties of the liver specimen. During the simulation, effects of settling due to gravity have been taken into account by a technique which incorporates the proper internal stress conditions in the model without altering the geometry. Initially, an Ogden model developed from ex vivo tension and compression experimentation is run through the simulation to determine the efficacy of utilizing an ex vivo model for simulation of in vivo probing tasks on porcine liver. Subsequently, a method for improving upon the ex vivo model was developed using different hyperelastic models such that increased accuracy could be achieved for the force characteristics compared to the displacement characteristics, since changes in the force variation would be more perceptible to a user in the simulation environment, while maintaining a high correlation with the surface displacement data. Furthermore, this study also presents the probing simulation which includes the capsule surrounding the liver.
INTRODUCTION
The desire to obtain more realistic surgical simulators has prompted research into the areas of real-time computation and more accurate characterization of biological tissues. A superior surgical simulator will have both realistic graphics and haptic feedback throughout the surgical task. Owing to the highly nonlinear nature of biological tissue, complex constitutive models must be developed to accurately reflect the force and displacement characteristics of the tooltissue interaction. In addition, advances in computational techniques have further encouraged the study of complex material models because of their ability to utilize nonlinear models in real-time simulation.
Recently, real-time finite element methods have been adapted for the simulation of nonlinear constitutive models with the inclusion of haptic feedback. 18, 20 Picinbono et al. developed a simulator for laparoscopic liver surgery based on a St. VenantKirchoff model. 21 A Mooney-Rivlin model was utilized in the simulation of eye surgery and liver-probing tasks. 24, 29 An endoscopic simulator has been developed utilizing a Neo-Hookean material law for the surrounding tissue. 27 Joldes et al. utilized a NeoHookean material for the real-time simulation of brain tissue. 11 As computational capacity and novel techniques are introduced to the real-time simulation community, the ability to utilize more complex constitutive models will continue; thereby prompting the need for more accurate representation of the tooltissue deformation process.
Similarly, advances in the development of nonlinear constitutive models for soft tissue deformation have become an area of interest in the research community. An increase in the focus on modelling of in vivo tissue utilizing more accurate boundary conditions and noncontact measurement of tissue deformations has arisen. Miller et al. studied the applicability of using a hyperviscoelastic model derived from ex vivo experimentation for in vivo simulation of brain tissue. 17 Realistic organ geometry was obtained by utilizing MRI images to acquire an accurate representation of the brain. This study, however, only utilizes the MRI images to obtain the organ geometry, where tracking of displacement under load is not achieved. Nava et al. developed a model based on an aspiration test of in vivo human liver through a 2D axisymmetric process based on the local tissue profile. 19 3D ultrasound techniques were applied to an area directly under the probe to develop a model based on volumetric tissue deformation and measured force response of perfused ex vivo liver. 12 Ahn and Kim developed a material model utilizing force and surface displacement data for ex vivo liver whereby full-field deformation could be determined as well as accurate sample geometry. 1 The model was built upon data obtained from the probing force using an axisymmetric inverse finite element approach with simplified organ geometry. All of these techniques have been utilized to develop more accurate models for the biological tissue deformation process; however, they do not present a method by which the force and displacement can be measured and compared to a simulation with accurate geometry and realistic boundary conditions throughout the entirety of the probing task.
While 15 discussed the method for the acquisition of the surface deformation in conjunction with the forcedisplacement profile and accurate boundary conditions through the entirety of an in vivo probing task on porcine liver, this article presents data on probing at multiple locations and simulating the probing at those locations. Additionally, this article also presents the probing simulation which includes the capsule surrounding the liver. The experimental data can be used to simulate the experiment utilizing an Ogden model developed by the authors from ex vivo compression, tension, and pure shear experiments. By comparing the simulation results to the experimental data, it is possible to determine the efficacy of utilizing a model developed from ex vivo techniques for in vivo simulation of porcine liver. In addition, a method has been developed to modify the existing model to represent more accurately the force profile obtained through the entirety of the probing task while maintaining the correspondence with measured surface displacement data.
Material properties of soft tissues have been shown to vary between in vivo and ex vivo settings. Currently reported in vivo or ex vivo soft-tissue whole-organ tests were mainly indentation 1, 3, 5, 10, 12, 14, 17, 23, 25 and aspiration experiments. 13, 16, 19 Material parameters were usually extracted from finite element simulation coupled with an optimization algorithm to fit either force-displacement data of indenter 1, 25 or surface profile of aspirated tissue. 13, 19 Both volumetric deformation data obtained from 3D ultrasound and forcedisplacement response of indenter were used in fitting material parameters in Jordan et al. 12 All the aforementioned inverse finite element processes pre-defined a fixed format of material model and determined the best fit to material parameters through iterations. The approach presented in our prior work 15 and explained more in-depth in this article is different from the aforementioned approaches. Instead of modifying material parameters in each iteration, material properties were modified directly according to the comparison of the experiment and simulation results. This approach was further extended to the simulation of the capsule model in this article. As a consequence, the fitting process can be more efficient and the material model does not have to be a fixed format. During each iteration, the fit of all of the various material models can be evaluated to determine the most accurate model for the individual iteration resulting in the selection of the most applicable material model at the end of the fitting process.
MATERIALS AND METHODS
A test device was developed to perform a probing task on the in vivo porcine liver with a hemispherical probe. The device is capable of recording the force imparted on the probe as well as the surface deformation at discrete data points. By comparing the experimental data with a finite element simulation of the probing procedure, utilizing a previously developed Ogden model as the material parameters (generated from ex vivo experimentation), it was possible to determine the efficacy of utilizing a material law developed through ex vivo experimentation for an in vivo simulation. Further, upon the realization that the constitutive model could be improved upon, modifications to the Ogden model were implemented to generate a more accurate representation of in vivo soft tissue response to an applied load.
Experimental Setup
The experimental device (see Fig. 1 ) was developed to perform a controlled probing motion while recording the information required for simulation. The frame was constructed from sections of 1515 Lite framing material (80/20 Inc.) to provide a light but rigid structural support upon which the required instrumentation could be mounted. The frame itself was developed to be placed upon the surgical tables found in most pig laboratories.
Two linear rail systems (Haydon Motion Solutions), connected by a support containing the probing equipment, were rigidly mounted to the frame. The rails themselves consisted of a stepper motor (Size 17 double stack with 0.015875 mm per step resolution), a wedge-style antibacklash nut, an optical encoder (US Digital E5S, 500 counts per revolution), and 300 mm of total travel. They were controlled via a TTL-compatible motor control unit (DCM 8028).
The two rails were connected by a rigid guide support which houses the force sensor (JR3 Model number 20E12A-I25) and the attached probe. The probe consists of a rigid hemisphere with a diameter of 9.5 mm. A support system upon which the liver would sit was rigidly attached to the frame. This support consisted of a 200 mm 9 250 mm plate which acted to isolate the liver from the surrounding organs. By including this rigid support plate, the overall measured tissue deformation could confidently be described as deformation of the liver itself instead of a combination of liver, lung, and stomach. Finally, the tissue deformation was measured by a MicronTracker stereo camera system (Claron Technologies, Model H40).
For proper simulation of the in vivo experiment, the probe location, reaction force imparted on the probe, initial organ geometry and tissue deformation, all must be obtained throughout the test. To obtain the force characteristics a force sensor was placed between the probe and the guide support (see Fig. 1 ). The six-axis force/torque sensor records the force and torque data with a resolution of 0.002 N and 0.00025 N m respectively. The force sensor signal was captured through the use of the Sensoray data acquisition board at a sampling frequency of~62.5 Hz.
To determine the initial organ geometry, probe location, and tissue deformation during the probing task, a MicronTracker stereo camera system was utilized. In the first step, the camera system can be used to generate a point cloud representation of the organ geometry, which will be discussed in detail in the next few sections. For the tracking of the probe location and tissue deformation, the spatial location of markers (see Fig. 2 ) placed on the probe and liver surface were calculated throughout the probing experiment. The resolution of the camera system determines the marker location to an accuracy of within 0.25 mm on the volume, at a sampling frequency of~15 Hz.
Markers of 7 mm in diameter were placed on the surface of the porcine liver during the probing task (see Fig. 2 ). These markers were small enough to allow for a large volume of sample points on the surface, yet large enough for the cameras to maintain registration throughout the test. An algorithm was developed to track unique points on the markers throughout the probing tests thereby providing the ability to track multiple locations on each marker for a higher number of data points. The markers were printed on paper and placed on the liver surface, adhering by the natural moisture of the surface and fully conforming to the changing contours of the surface. For each marker, the center and the corners can be tracked to provide an accurate representation of the surface deformation under those locations. Proper comparison of the simulation and experimental data required that the position at which the probe makes contact with the tissue be precisely known. Owing to the soft nature of pig liver, it is often difficult to determine the exact contact point directly from the force profile. Miller et al. utilized laser distance meter to measure the radial displacement during ex vivo compression tests to determine the initial contact location. 17 In this study, we propose an approach consisting of a contact-determination probe whereby the probe-tissue contact point could be realized similar to the method presented by Reilly et al. 22 An electrode was attached to the probe itself, and a second electrode was placed between the tissue specimen and the supporting plate. Contact between the probe and the tissue resulted in the completion of an electrical circuit thereby producing a signal that could record the time of contact. The electrical circuit was designed such that low current would pass through the circuit to avoid damage to the tissue.
Through the use of this device it was possible to obtain, with a high level of accuracy, the parameters required for a complete simulation of the probing task. Given the tissue geometry, boundary conditions, and probe location along with the force and displacement data, it was possible to perform a simulation of the in vivo experiment whereby the only variable in the analysis consisted of the material properties.
In Vivo Testing
The in vivo tests were conducted on a female pig weighing 20.5 kg under an approved protocol by Institutional Animal Care and Use Committee (IACUC). The abdominal cavity of the pig was opened to expose the liver by the veterinarian who also supervised the administration of anesthesia as required and proper function of the attached respirator. Next, the device was positioned above the animal, and the liver was placed on top of the support plate. This plate was covered with a high grit, waterproof sandpaper to prevent sliding motion of the liver during the experiments. The plate was situated such that it was not touching the abdomen of the animal to reduce motion due to breathing (a 3-mm gap was left between the bottom of the plate and the top of the abdomen at the apex of the breathing cycle).
To perform the simulation of the probing experiment, it was essential to know the shape of the liver to provide the proper boundary conditions. By means of the MicronTracker camera system with a code that interfaces the device with Rhinoceros Ò 4.0 (manufactured by Robert McNeel & Associates), it was possible to use the camera in a mode similar to a standard coordinate measuring machine. A stylus was traced by hand across the surface of the liver while the locations of the points corresponding to the tool tip location were measured. After covering the entire liver surface, a point cloud representation of the surface geometry was obtained, which was utilized to generate a solid model of the liver to be used during FEM simulation. During this process, the camera was located outside of the device frame to allow for the necessary field of view. This location, however, was not satisfactory for the marker-tracking procedure required during the probing tests, necessitating the movement of the camera system. Therefore, the location of additional reference markers were measured to allow for correlation between frames. Figure 2 depicts the tissue geometry as well as the layout of the measured reference markers on the support plate.
To perform the actual probing task, the location of the probe was moved such that it was centered over the area of interest. Markers were placed on the tissue surface such that the area surrounding the probe had the highest density of markers possible, while maintaining reliable registration. The camera was moved into position above the liver surface to obtain a clear field of view of the surface markers as well as the stationary reference markers. During the tissue preparation, the surface of the liver was kept moist to avoid surface dehydration that could potentially alter the tissue response. Finally, the probing task was performed at 1.25 mm/s while recording the displacement of the probe and reaction force on the probe, as well as the images for marker movement analysis. As a safety precaution, the experiment would stop if the reaction force on the probe exceeded a threshold force (set to be 3N). Upon completion of the probing task, the probe was moved to a different section of the liver, and the process was repeated. Three distinct probe locations were tested and analyzed.
Analysis of In Vivo Experimental Data
Following the experimentation, a transformation between the coordinate systems of the two camera locations was required to provide a correlation between each marker location and the closest surface node in the FEM simulation. The reaction forces on the probe and marker displacement were calculated for comparing them to that of the simulation output. Finally, the organ geometry was generated from the point cloud surface data.
Coordinate Transformation
The data acquired from the surface measurement and the marker tracking data set were obtained from differing coordinate systems. In each of the coordinate systems, the location of the reference points was known; therefore, the rotation matrix and translation vector between two coordinate frames can be determined through a least-squares fitting based on singular value decomposition. 2 This allowed for the representation of all data in either reference frame.
Force and Displacement Data
By utilizing the data obtained from the electrical continuity circuit implemented with the in vivo testing device, it was possible to determine the starting position of the probing task. All force and surface displacement data were transformed such that the analysis would begin at the probe-tissue contact point. Eight locations close to the probe were recorded as a sample set to represent the surface deformation throughout the loading of the liver. Occasionally, difficulty occurred in selection of the marker location within the camera frame because of tissue rotation or surface reflections. This fact combined with the inherent camera measurement accuracy promoted use of a polynomial curve fit to the discrete data set for each marker. These curves were used to assess the accuracy of the constitutive model fit following the simulation.
Generation of Tissue Geometry
Upon completion of the surface registration procedure, a point cloud representation of the tissue surface was generated in Rhinoceros Ò 4.0. Based on this point cloud data, it was possible to create a best-fit surface patch. By changing the parameters of the surface patch in Rhinoceros Ò 4.0, different degrees of smoothing could be applied to the surface to obtain the proper shape. The surface was then converted into a solid model of the liver which was then to be utilized in the FEM simulation of the probing test.
Finite Element Simulation
Owing to the complex nature of the geometry, HyperMesh meshing software (manufactured by Altair Engineering), was used to create a properly meshed representation of the organ. The completed model used 87,941 elements which consist of 84,339 linear hexahedral (C3D8RH) elements and 3602 linear wedge (C3D6H) elements. Reduced integrations and enhanced hourglass control were utilized to prevent volumetric locking and eliminate instabilities. Hybrid elements were utilized because of the incompressibility of biological tissues.
Simulation of Gravity
One important aspect to consider when performing simulations with soft material such as biological tissue was the effect that gravity has on the tissue. Previous experiments in our laboratory have shown that gravitational force causes a significant amount of settling in porcine liver. Without accounting for the change in stress conditions due to the settling of the tissue, it would not be possible to obtain accurate results from the simulation. Currently, the liver geometry that has been measured was the deformed state after settling due to gravity; however, the model does not have the internal stresses that occur because of that deformation. Therefore, modification to the initial shape was performed to provide the proper starting geometry upon which an applied gravitational load would produce the observed shape.
To achieve the proper pre-stress condition, the original geometry was imported in ABAQUS, and a gravitational load was applied in the opposite direction of gravity. The geometry of the tissue was constrained from moving on the bottom surface with all degrees of freedom fixed, as would be the case in the experiment where the liver was sitting on top of sandpaper. The material was initially defined by an Ogden model derived from ex vivo experimental testing; following the model-modification process, the updated material model was utilized. Upon completion, the resultant deformed mesh represented the shape of the organ in the gravity-free environment. In this condition, the tissue would be free of residual stresses; therefore, this new shape was the starting point for the experimental simulation.
Probing Simulation
Using the modified geometry a new analysis was set up in a similar manner to the previous run. The initial geometry was changed, but the constraints, material properties and mesh characteristics remained the same. The first step of the analysis was to apply the gravitational load. This caused the tissue to relax back to its original location; however, the internal stresses were now included throughout the tissue model. Next, the probing action was simulated whereby a probe of the proper diameter was made to contact the tissue in the same location as the experiment. Using the data obtained from the markers on the probe in conjunction with the coordinate transformation, it was possible to determine the position and orientation of the probe and place it into the simulation in an identical fashion. The probe was then given a displacement boundary condition and driven into the tissue. A contact analysis was set between the tissue and the probe. Upon completion of the simulation, the information for the reaction force on the probe, probe displacement, and surface deformation at each surface node had been calculated.
Simulation with Capsule Model
In an attempt to further the realism of the simulation, a study into the effects of the liver capsule was performed. In the in vivo tests, a thin capsule surrounds the organ which could have an effect on the overall accuracy of the simulation. Previous work has been conducted in measuring the material properties of ex vivo bovine liver capsules 9 and porcine and human kidney capsules. 26 In addition, the effects of the thin outer layer of the brain have been included in the modeling of needle insertion into brain tissue. 28 To include the effects of the liver capsule, an additional mesh layer was added to the liver geometry. This additional layer also utilized the linear hexahedral (C3D8RH) elements. The thickness of the layer was set to be 50 lm, which is an estimation of the capsule thickness based on measured data from human and porcine kidney capsules and bovine capsules. 9, 26 The material properties used for the capsule elements were from previously published data of the reduced polynomial form with the following parameters [MPa]: C 10 ¼ 0:21; C 20 ¼ 33:7; C 30 ¼ À125:6; C 40 ¼ 235:6 and C 50 = 258.2.
9 After the addition of the capsule layer, the process outlined for the simulation of gravity and the probing task remained unchanged.
Data Comparison
Using the coordinate transformation technique and the recorded marker locations, it was possible to determine the closest node to each marker of interest. This correlation allowed for comparison of the experimental and simulated displacement of the distinct points as a representation of the fit between the experimental and measured surface deformation. The root mean square (RMS) error was calculated for each of the marker-node pairs throughout the probing distance of 16 mm. Thus
where RMSE m is the RMS error of marker, m, n represents the total number of sample points in the data set, x s,i is the node location from the FEM simulation at sample point i, and x m,i is the marker location at sample point i. From these values, the average RMS error, RMSE ave , can be calculated to represent the fit of the simulated surface deformation to the measured surface deformation:
where M is the total number of markers analyzed.
In addition to the surface comparison technique, the force profiles from the experiment and simulation were also compared utilizing the same error analysis.
Constitutive Model Modification
In the context of a probing simulator, there is a large discrepancy between the magnitude of the errors that occur in the force and displacement domains. Owing to the nature of the tissue, the surface displacement is on the order of a few millimeters in the region of interest surrounding the probe. As will be shown in the ''Results'' section, the resulting errors were on the order of a millimeter or less. However, due to the relatively high forces, the magnitude of the errors that arise can be as large as 1N. In the context of this simulator, a discrepancy of 1N would be much more noticeable to the user than the displacement error in the submillimeter range; it has been shown that changes in force as small as 0.1N can be perceived by the human hand. 4 Therefore, the method developed to improve the system performance focuses on improving the representation of the in vivo force response. Figure 3 shows the flowchart of the procedure to determine the material parameters. The initial parameters of an Ogden model were fitted from the experimental data of ex vivo unconfined compression and tension tests. 8 The parameters of the model are listed in the ''Ex Vivo Material Model'' section. In ABAQUS, the strain energy of the Ogden model can be expressed as
Modification to Probing Simulation
where the l k and a k are the material constants, and k is the number of terms included in the summation. Let k 1 = k be the stretch ratio in the direction of uniaxial tension or compression, then the nominal stress for an unconfined uniaxial test can be expressed as
In an indentation test, the material deformation underneath the probe is dominated by compression. Therefore, focus was placed on the compressive properties of liver tissue. If the force-displacement data obtained from a simulation was not close to those measured from experiment, the material compressive properties were adjusted. The new material parameters were fitted from the adjusted compression data.
Assume that the liver thickness at the indentation position is H 0 , which is measured from the simulated liver before the gravity loading. The thickness at the same location after gravity loading is h g , and the probing displacement is d. Then, we can define the effective stretch ratio, k e , of tissue under probe as
Strain is related to stretch ratio as e = k 2 1. The adjusted nominal stress T a can be expressed as
where F e ðk e Þ stands for the force measured from the experiment and F s ðk e Þ is the force obtained from the simulation. Nominal stress, T(k), was calculated from Eqs. (4) and (8), and here we assume that k and k e have the same value. The adjusted stress-strain data curve may not be monotonic; therefore, some data points at low strain range were removed, and the remaining ones were used for fitting. All the data fittings were done by the material evaluation capability in ABAQUS/CAE. The nominal stress and strain of compression data were entered as test data, and the model parameters were fitted for the selected model type. The material stability was checked to make sure that the selected model was stable in the experimental strain range. There are more than five types of hyperelastic models one can choose from, namely, Arruda-Boyce, MooneyRivlin, polynomial, Ogden, reduced polynomial, etc. Ogden and reduced polynomial models have demonstrated their ability to fit the adjusted compression data and achieve stability at the same time. The reduced polynomial form will be discussed in the ''Modification to Capsule Simulation'' section. Through this process, an updated material model was generated which can be iteratively run through the simulation, and modification procedure to generate a model that more accurately simulates the force response of the tissue without detrimentally degrading the surface deformation response.
Modification to Capsule Simulation
A similar approach was adopted for modification of the simulation containing the additional capsule model. In this case, the material properties for the capsule elements remained unchanged while the modification process was applied to the bulk material characteristics to obtain superior force response. This approach was chosen because of the fact that the major difference between ex vivo and in vivo tissue is the effect of blood perfusion, which will have a greater affect on the properties of the bulk tissue as compared to the liver capsule.
Initially, the tissue material model was defined by an iteration of the previous modification scheme which did not include the simulated capsule. However, after the first iteration of the modification process, it was observed that the addition of the capsule to the simulation yielded a result for the modified material model that was most suitably represented by a reduced polynomial form. Therefore, for successive iterations, the reduced polynomial form was used for the bulk tissue properties, where the strain energy function is defined as
where C i0 are the material parameters, and N is the order of the polynomial fit. I 1 is the first deviatoric strain invariant. The resulting relation between nominal uniaxial stress T and stretch ratio k is given by
Despite the fact that this material model has a different nominal stress formulation, the constitutive model modification method still holds because of its generality. Therefore, the approach was utilized as before to iteratively modify the material model such that the simulation including the capsule would reflect more accurately the measured in vivo experimental force data.
RESULTS

In Vivo Experimental Data
The following analysis was performed for the first probing location while a similar procedure was followed for the two remaining locations.
Contact Determination System
The use of a circuit-based contact determination system provided superior localization of the tool-tissue contact over visual techniques or estimation from the force profile due to the immediate response to the tissue contact. A depiction of the results from the circuit can be seen in Fig. 4 , plotted in conjunction with the raw force data. As can be seen in the plot, the voltage jump occurred immediately upon contact with the tissue surface. It should also be noted that there was no distinct jump in the gradually increasing force profile that would indicate the start of the probing action. Therefore, the use of the contact determination system allowed for an increase in accuracy when comparing the experimental and simulated results.
Force and Displacement Data
The reaction force imparted to the probe during the deformation process was fit with a polynomial curve for comparison to simulation data and used in the model modification process. The resultant curve fit has a high degree of correspondence with the measured data points resulting in a R 2 value of 0.9969. In addition, variations in the measured marker displacement data prompted the use of polynomial approximations to the raw data for each individual marker displacement. Typical results for the markers utilized in the analysis show a high degree of correspondence between the measured displacement and the resultant fitting, resulting in a R 2 value of 0.86. 
Generation of Tissue Geometry
After completing the reconstruction of the liver geometry, visual inspection shows that the shape of the liver generally follows the measured data set and resembles the proper structure as seen through the experimental photographs. Variation in the measurement of the points due to the soft nature of the liver tissue makes exact representation of the geometry difficult; however, this approach yields a surface with an error on the order of millimeters. For this in vivo experiment analysis, the markers of interest fall within a range of 0.01-1.88 mm of the surface of the resultant solid model with an average error or 0.556 mm.
FEM Simulation Ex Vivo Material Model
As discussed previously, the starting point for the simulation process is the analysis of the efficacy of utilizing a constitutive model derived from ex vivo experimentation for the simulation of an in vivo probing task. This model was constructed from data obtained through tension, compression and pure shear experiments. The previous ex vivo experiments and this in vivo test were all conducted at a fixed low speed. Further study will involve relaxation tests and/or probing at various higher speeds to add the strain rate dependent effects to the model. The models developed in this article can be used for the quasi-static hyperelastic model, which is an essential component of a viscoelastic model. They have been evaluated under the assumption that liver is incompressible, isotropic, and homogeneous. The initial ex vivo data were fit with a four-term Ogden model as specified in Table 1 .
The first step of the analysis, Fig. 5a , applied a gravitational load to the tissue sample resulting in the originally measured shape; however, the addition of preloading conditions could be seen in the resultant stresses throughout the tissue. Following the gravitational loading, the probing action was simulated by displacing the probe 16 mm into the center of the organ at the same location as that of the experimental setup. Figure 5b shows a depiction of the surface deformation as a result of the loading condition applied to the first of the three probing locations. As can be seen, the tissue immediately beneath the area of probing conforms to the contours of the probe itself; however, the surrounding tissue also has a significant amount of deformation. It is in these bands of deformation where a comparison of the simulation to the measured experimental data will yield a means to validate the implemented constitutive model.
Based on the analysis procedure outlined, it was possible to compare the displacement of each marker to the displacement of the closest node of the simulated Figure 6b is a plot of a marker that is more representative of the average displacement error of 0.346 mm utilizing the ex vivo material model. In addition, there were some locations that resulted in slightly larger displacement errors but by taking the average of all markers, using Eq. (2), an overall surface RMS error of 0.307 mm with an average marker displacement of 0.564 mm was recorded for the ex vivo material properties analyzed. Through previous studies, we have observed a significant amount of variation in soft tissue response to tension, compression, and pure shear loading as well as tissue probing and cutting. [6] [7] [8] 10 Hence, although the displacement error in this case may seem high, it is within the bounds of acceptable error for soft-tissue deformation. Also, for the purposes of simulation, it will be very difficult for the user of a simulator to perceive a difference in tissue displacement of 0.3 mm. Finally, the reaction forces incident on the probe tip measured during in vivo experimentation and the simulation can be compared. A high degree of conformity between the experimental data and the simulation is desired because of the perceptive nature of touch. Figure 7a displays the comparison between the two models which resulted in a RMS error of 0.42 N. One particularly troubling aspect of the force profile comparison is the fact that the two curves diverge so quickly; therefore if the probing task were continued to an increased depth, then the accuracy of the force data would continuously degrade for the ex vivo model. Although the simulated force is in the correct range, for a more accurate representation, the procedure of constitutive model modification was implemented.
In Vivo Material Model
The process for modifying the model for superior accuracy in the force range previously mentioned was implemented in a series of steps. After each modification the proposed material model was run through the simulation and data analysis process to determine the fit to the in vivo experimental data. At the first probing location it was found that after four iterations the proposed constitutive model converged to the most accurate representation of the experimental reaction force with a two term Ogden model ( Table 1 ). The resultant force profile has a total RSM error of 0.03 N (6.0%). This is a significant improvement on the constitutive model developed from ex vivo experiments. Figure 7b shows the comparison of the probing force of each iteration of the model modification process. As can be seen, the model converges to the experimentally determined force profile quickly and results in a more realistic display of the probing force.
Analysis of the displacement information in a similar manner to the previous test shows that the tissue has increased in stiffness to properly match the force characteristics. This is evident in the graphical representation of the stresses after gravitational load (Fig. 8a ) and the displacement contours at the completion of the loading task (Fig. 8b) . The stress distribution upon completion of the gravitational loading once again retains the originally measured shape; however, the magnitude of the stress distribution has changed as a result of the new material model. Also, the change is evident in the displacement plot where there is less motion in the tissue surrounding the probe location. Despite this apparent increase in stiffness, the average RMS error for the surface is 0.340 mm. This value is comparable to the original ex vivo model.
The entire FEM simulation procedure was repeated for the second and third probing locations with a new set of markers surrounding the probe location. Comparisons of the force profiles for the measured experimental data and the various constitutive models can be seen in Fig. 9 . Details pertaining to the final constitutive model parameters for each probe location are listed in Table 1 . At each new location, the RMS errors (Table 2) of the surface displacement, and the probe reactions force were comparable to the first probe location.
Capsule Model Simulation
The inclusion of the liver capsule was an attempt to improve upon the surface deformation modeling. By adding the thin capsule, the tissue movement was constrained in a fashion that is closer to what occurs in nature. For the original simulation, an Ogden model derived from one of the previous tests was used as the bulk tissue properties. As the constitutive model modification process was implemented to match the experimental force profile, changes to the bulk tissue material model were made; however, the capsule material properties were not altered. Upon completion of the iteration process, the final material model for the underlying tissue was in the reduced polynomial form ( Table 1) .
The capsule did indeed have a substantial effect on the resulting surface geometry as can be seen in Fig. 10a which shows the final surface deformation after probing at the first probe location. In this depiction, it was apparent that the capsule influenced the motion of the underlying tissue resulting in a larger magnitude of tissue deformation at locations removed from the immediate probe vicinity. These changes resulted in a larger degradation in the ability to simulate the surface deformation and resulted in a RMS error of 0.637 mm for the tissue surface. It is also important to note that the region close to the probe did exhibit surface deformations comparable to the previous tests without the capsule; however, the accuracy was greatly degraded at the remote points which had errors on the order of approximately 1.5 mm. In addition, after the final iteration, the resultant errors in the force profile were 0.310 N (33%). Additional iterations can be performed to improve upon the force characteristics; however, the surface displacement quality will continue to be degraded. In this context, the capsule model was not able to increase the accuracy of the simulation process.
CONCLUSIONS AND DISCUSSION
This article presented a method for performing probing tests on in vivo porcine liver while recording the data required to perform a full simulation of the experiment with the material characteristics of the simulated liver as the only variable in the analysis. Through this methodology, the efficacy of utilizing a constitutive model developed from ex vivo experimentation for the simulation of in vivo tissue loading was tested. It was apparent that the accuracy of the force response, although being of the correct magnitude, could be drastically improved upon by utilizing the in vivo experimental data for modification of the model characteristics. In performing this iterative modification process it was evident that the accuracy of the force response could be greatly increased through only a few iterations. In addition, despite using only the force information from the experiment and simulation while adapting the model, the surface displacement accuracy remained relatively constant throughout the changes. After convergence of the modification process, constitutive models were obtained that were able to simulate the force response to within an average of 0.023 N of the measured experimental values while the surface deformation accuracy resulted in an average RMS error of 0.387 mm, which would be hardly noticeable to the user. The methods presented in this study resulted in the selection of material models of various forms for the three different probing locations. By providing the ability to select various models at each step of the iteration, the force characteristics were more accurately matched. Due to the variability exhibited by biological tissue, both within an individual organ and in various samples, one of the key aspects of surgical simulation is the inclusion of this observed variability. To incorporate tissue irregularity, the simulator can be designed to include all models derived from experimental data obtained from various probing positions on multiple organ samples. This approach, as opposed to generating an overall tissue model to approximate all experimental tests, would provide the variability that is desired in a surgical simulator. In addition, future experiments will be conducted with various probing velocities such that viscous effects can be added to the catalogued material models to further increase the realism of the surgical simulator.
The addition of the capsule to the simulation process more accurately reflects the boundary conditions present in a real organ; however, in this instance, the inclusion of the capsule degraded the overall simulation accuracy. Two aspects of the capsule simulation need to be further developed to achieve superior performance, namely, the material properties and the capsule tissue interface. The material characteristics utilized in this study, which were derived from previous study on bovine liver, characterization of the material properties, and capsule thickness for porcine liver could greatly enhance the analysis. Also, the capsule was assumed to be rigidly fixed to the liver surface, whereas in reality, the strength of the bond between the capsule and tissue is not infinite. The application of cohesive elements coupled with the modeling of the bond strength between the capsule and the liver tissue could result in increased displacement accuracies.
